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ABSTRACT 
Studies on the behaviour of intact reinforced concrete (RC) columns are 
widely available, however, studies focusing on the behaviour of deteriorated RC 
columns is quite limited. Deteriorated columns need to be repaired to remain 
structurally sound.  Among the available repairing approaches, confining methods 
have been extensively researched. Current studies on confining damaged column 
only focusing on passive-typed confinement, which led to high dependency of the 
dilation of concrete. This study extends the investigation on repairing RC columns to 
the active-typed confinement, where confining stress is applied to columns before the 
concrete dilation. Both experimental and numerical modeling were conducted to 
investigate the applicability of active confinement in repairing RC columns with 
varied pre-damaged levels. The applicability of steel strapping confinement in 
repairing RC columns with the varied pre-damaged levels were confirmed through 
experimental works, the experimental involved testing of 34 plain concrete cylinders 
and 21 RC columns under monotonic uniaxial compression. The concrete cylinder 
tests were performed develop a suitable stress-strain model, which incorporated pre-
damaged levels for confined concrete.  The empirical stress-strain model was then 
used in the development of numerical model for the repaired RC columns. The tests 
on RC column specimens consisted of 3 control columns and 18 repaired RC 
columns with different confining levels. The overall response of the specimens was 
investigated in terms of crack pattern, load carrying capacity, axial displacement, 
stiffness and ductility of repaired columns. The results from the experimental works 
were then verified by using the numerical modeling before further analysis. The test 
results have shown that the restorability of confinement was significantly affected by 
pre-damaged levels. It is also observed that the increase in confining volumetric ratio 
is able to restore both strength and ductility of repaired RC columns up to 171% and 
172%, for the same pre-damaged level. Additionally, the outcome of the finite 
element modelling also aligned with the experimental results where the average 
absolute errors (AAE) for both strength and ductility remained are within 15%. 
Based on this study, a design consideration for repairing columns using confinement 
was also developed. The design consideration serves as a tool for design engineers in 
using steel strapping confinement in repairing damaged columns. 
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ABSTRAK 
Kajian memberi tumpuan kepada tingkah laku tiang konkrit bertetulang (KB) 
dalam keadaan utuh semakin meluas, tetapi fokus dalam tiang-tiang KB yang 
mengalami kerosakan mekanikal masih sukar didapati. Tiang tersebut mestilah 
diperbaiki untuk memastikan strukturnya dalam keadaan baik. Dalam kebanyakkan 
pendekatan dalam membaiki struktur yang ada, balutan sisi telah menjanjikan 
penyelesaian. Kajian terkini mendapati balutan sisi tiang hanya fokus kepada balutan 
sisi yang tidak giat yang menjurus kepada pengembangan konkrit. Dalam kajian ini 
menyambung penyiasatan dalam pembaikan tiang KB bagi balutan sisi aktif di mana 
tegasan balutan diberikan kepada tiang sebelem konkrit berkembang. Ujikaji makmal 
dan kaedah berangka telah dijalankan untuk mengkaji kebolehgunaan balutan sisi 
aktif dalam pembaikkan tiang KB dengan pelbagai tahap pra-
kerosakan.Kebolehgunaan besi balutan sisi dalam pembaikkan tiang KB dengan 
pelbagai tahap pra-kerosakkan ditentukan dengan 34 silinder konkrit biasa dan 21 
tiang KB diuji di bawah beban mampatan satu paksi. Ujian silinder konkrit dilakukan 
untuk membina model tegasan-keterikan yang sesuai bagi menggabungkan tahap 
pra-kerosakan untuk konkrit berbalut. Model ini kemudiannya digunakan dalam 
pembangunan model berangka untuk tiang KB yang rosak. Ujian pada spesimen KB 
terdiri daripada 3 tiang asal dan 18 tiang KB diperbaiki dengan tahap pengasingan 
yang berbeza telah dijalankan. Tindak balas keseluruhan spesimen disiasat dari segi 
corak retak, keupayaan menanggung beban, pemendekan paksi, kekukuhan dan 
kemuluran pembaikan tiang. Hasil ujian menunjukkan tahap pra-kerosakan 
mempunyai kesan yang signifikan terhadap keupayaan menanggung beban. 
Peningkatan skema balutan dapat meningkatkan kekuatan dan kemuluran KB yang 
dibaiki sehingga 171% dan 172%  untuk tahap pra-kerosakan yang sama. Selain itu, 
model berangka telah dibangunkan untuk mengetahui lebih lanjut mengenai tingkah 
laku tiang yang diperbaiki ini menggunakan balutan sisi. Hasil dari model yang 
menunjukkan keputusan baik dengan ujikaji makmal di mana purata selisih mutlak 
untuk kekuatan dan kemuluran berbeza kurang dari 15%. Garis panduan reka bentuk 
untuk kerja-kerja pembaikan menggunakan balutan sisi telah dibangunkan. Garis 
panduan reka bentuk ini adalah alat yang menjanjikan bagi jurutera reka bentuk 
dalam menggunakan balutan sisi dalam kerja pembaikkan kerosakan tiang. 
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CHAPTER 1   
 
 
INTRODUCTION 
 Background of Study 
 
Over the past years, repairing of damaged concrete structures has become a 
major part in the construction industry. They contributed nearly half of the total 
expenditures from total construction activities. Repair is vital, especially for vertical 
elements such as reinforced concrete (RC) columns since RC columns is the main 
element that convey axial load of the buildings to the foundations. In practice, RC 
columns can lose its strength and stiffness especially during its service lifetime due 
to physical damage. Apart from that, repairs are required for the cases such as: i) 
arising service loads; ii) altering usage of structure; iii) errors in design or during 
construction; iv) seismic action; v) corrosion due to humidity; vi) fire effects; and 
vii) exposure to environmental effects such as the variance of temperature [1].  
There are two categories of confinement which are external and internal 
confinement. Xiong et al. [2] claimed that external confinement can be adopted to 
repair the damaged concrete columns effectively. It can enhance the energy 
absorption capacity, ductility and significantly restore the strength of damaged 
structures. The effectiveness of confinement is highly dependent on the cross-
sectional area of structure, either the shape is in circular, rectangular or square 
section. Besides, confinement can be either, active or passive. Passive confinement 
provides lateral restriction on the dilations of concrete under loading due to the 
Poisson’s ratio and cracking of the structure. Active confinement allows lateral 
pressure to be applied to the column at the initial stages of loading. Active 
confinement is relatively recent and is increasingly being researched [3-6]. The steel 
strap confinement is one of the active confinements that has been studied by previous 
researchers. The early research of steel straps active confinement was conducted by 
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Frangou et al. [7] and Moghaddam et al. [8]. Active confinement increases the 
concrete strength more efficiently as compared to passive confinement [8]. 
Subsequently, many researchers studied on steel straps confinement in different 
perspectives such as strength improvement, ductility enhancement, durability and 
bond behaviour between steel and confined concrete [9-12].  
The purpose of confinement is either to repair, rehabilitate or strengthen a 
concrete structure. Repairing of a concrete structure is defined as the process to 
restore the load carrying capacity of a damaged structure to its initial performance. 
Rehabilitation refers to increasing in the load carrying capacity RC structure for 
altering the purpose of the existing buildings. While, strengthening refers to the 
method used to improve the capacity of the structure more than the actual design. 
There are few types of repairing techniques using confinement which have been 
reported in open literature such as ferrocement [13-16], Fibre reinforced polymer 
(FRP) [17-19] and steel jacketing [20-22]. The confinement models developed by 
previous researchers were dedicated for strengthening and repairing confined 
concrete works [23-25]. The confinement model developed for repairing works is 
still scarce and needed to be improvised. In view of this, this study investigates the 
use of steel strapping tensioning technique (SSTT) as an alternative in repairing the 
pre-damaged reinforced columns. A finite element model was verified with 
experimental result and extended for further investigations. Finally, the design 
equation for the repairing works using SSTT is proposed.  
 
 Problem Statement 
Columns are major components in a structure that transfer vertical axial loads 
to the foundations. This will cause major failures or total collapse of the structure. 
The restoration of load carrying capacity of damaged columns using external 
confining method can be considered as one of the most efficient and quickest 
method. Most of the repairing techniques considered the passive confinement such as 
FRP concrete and steel jacketing. The study on using active confinements as 
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repairing techniques is still yet to be attempted by other researchers, to the best 
knowledge of the author. The understanding of active confinement as repairing 
techniques is still yet to be discovered.  In practice, very less information of the 
damage assessment can be found in the open literature regarding the design of 
repairing works respectively. The assessment of pre-damaged levels is particularly 
important as it will affect the repairing efficiency considerably. Hence, the 
understanding of damaged level, which has been mostly very limited, is needed to be 
considered in the design of a confinement in repair works. Most importantly, the 
majority codes of practice neglected the state of damaged of column prior to repair 
works and assumed the restoration of load carrying capacity of repaired columns is 
only up to original capacity of column before it was deteriorated. Therefore, the 
insight view of the influence of pre-damaged level in the effectiveness of active 
confinement is required to be examined. These issues are urgently needed to be 
solved before the confinement can be used confidently in the construction industry.  
 Objectives 
      The aim of this research is to examine the structural performance of repaired 
RC columns using SSTT. A combination of experimental and modeling methods. 
The study focused on RC short columns by considering the effects of pre-damaged 
levels. The more specific objectives of this study are as follows: 
 
i. To investigate the applicability of using SSTT in repairing damaged 
concrete cylinder in the restoration of the load carrying capacity and 
ductility through physical testing; 
ii. To evaluate the affecting parameters in the restorability of repaired 
circular RC short columns; 
iii. To evaluate the structural performance of SSTT repairing techniques by 
using finite element modelling; 
iv. To develop a design procedure of the load-carrying capacity, ductility and 
stiffness of damaged structures using SSTT confinement. 
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 Scope of Works 
      The study consists of three major parts. The first part is the development of 
stress-strain model for steel straps repair works, whilst the second part is the 
experimental work for RC columns. The third part consists of the development of 
numerical models. In the experimental works, the testing parameters are as follows: 
 
i. A total of 34 normal strength concrete (NSC) and high strength concrete 
(HSC) cylindrical specimens were prepared with an identical cross-section of 
100 mm diameter and 200 mm in height. Three out of 34 specimens are 
referred as the control specimens without pre-damaged level and unconfined. 
The strength classes considered were C30/37, C50/60 and C80/95;  
 
ii. All specimens were pre-damaged before the confining works. The pre-
damaged levels ranging from +50% to +80%, +80% to -80% and -80% to -
50% from its ultimate load carrying capacity of concrete cylinders. The +50% 
to +80% pre-damaged level represents the damage conditions before it 
reached ultimate load capacity whilst, -80% to -50%  pre-damaged levels 
indicate the percentage loss after peak load; 
 
iii. The layers of steel strapping used are 1, 2 and 3 layer with 10, 20 and 30 mm 
of clear spacing between steel straps respectively; 
 
iv. A series of 21 circular RC short columns with the identical size of 150 mm 
diameter and 600 mm height were fabricated and tested, which three of them 
were control columns without any repairing works; 
 
v. The steel reinforcement ratio considered is 1.78 %, 2.56 % and 4.55 %;  
 
vi. The strength classes considered were C30/37, C50/60 and C80/95. C50/60 
was set as boundary between NSC and HSC columns; 
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vii. The testing variables also include difference confining schemes, which are 
the layer of steel straps (1, 2 and 3 layer) and the clear spacing between the 
strapping (10, 20 and 30 mm); 
 
viii. A finite element (FE) model is developed by using Abaqus V.6.14. The 
concrete and steel reinforcement bars were simulated with 3D–eight node 
solid reduced integration element (C3D8R) and 2-node linear displacement 
(T3D2) elements. Plasticity theory was considered in the material properties 
of steel and concrete; 
 
ix. The boundary condition was considered as fixed at one-end. Embedded 
interaction was applied between concrete and steel bars. An axial 
compressions displacement was applied. Then, the model developed was 
validated with experimental results.  
 
 Significance of Study 
The main objective of this study is to determine the applicability of pre-
tensioning confinements in repairing damaged columns. In order to identify the 
parameters that affect the effectiveness of confined columns, several damaged 
columns were prepared and then repaired with different confining schemes. Most 
importantly, the existing design guidelines for repair works considering the pre-
damaged level has not yet been addressed. Therefore, numerical approach will be 
developed to simulate the effects of pre-damaged level, concrete compressive 
strength, longitudinal volumetric ratio and confinement effects towards repaired 
columns. The design equation is then developed for the repaired columns using steel 
straps. The overall view of this research is to capture the effectiveness of this 
confinement method so that it can be applied in practice.  
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 Thesis Layout 
This thesis was divided into nine chapters. This chapter gives an insight into 
the background information on the importance of repairing the structure in RC 
columns. Based on the Chapter 1, the fundamental and parameter of this research 
were identified based on the existing literature review from previous researcher.  
In Chapter 2, a brief discussion was presented to explain mechanism of active 
and passive confinement. Previous research on the use of various confining materials 
to repair or strengthen existing structures was reviewed. At the end of this chapter, 
the focus of this research was presented by identifying the main variables that affect 
the repair works. The literature review was extended to Chapter 3 to review 
comprehensively the effects of pre-damaged level in concrete cylinder and RC 
columns.  
The damage assessment from other researchers’ perspectives and design 
considerations were presented in Chapter 3. It addressed each type of damage, 
according to behaviour of cracks formation for plain cylinder and RC columns. The 
overview of the damage conditions was summarized for visual assessment purposes. 
From this chapter, the different pre-damaged levels were classified. 
The experimental methodology was presented in Chapter 4. The chapter was 
divided into two parts, which is experimental and numerical studies. It contains the 
information about mix proportion of NSC and HSC. It also shows the details 
specimen with the full experimental setup procedure. The repairing techniques were 
also elaborated. The formation for the numerical model considered in this study was 
presented at the end of this chapter. 
Chapter 5 outlines the development of stress-strain models. The results of 
stress-strain relationship were analyzed. After that, the stress-strain model for steel 
straps confinement was proposed. Other than that, the strength and stiffness models 
were proposed for design considerations of repair columns. 
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In Chapter 6, it shows the results of an experimental program where the 
effects of the test parameter were analyzed and discussed. The failure modes and 
load-deformation behaviour were detailed out based on different parameter 
configurations. Subsequently, the experimental data were compared to predict the 
effects of the variables in strength, stiffness and ductility of repairing RC columns. 
The Chapter 7 presents the prediction based on numerical analysis. Finite 
element analysis model was developed with elasto-plastic approach. The prediction 
of load-deformation behaviour of finite element were compared with experimental 
studies. The accuracy of the model was reported. Conclusions were drawn based to 
the parametric study conducted. 
Chapter 8 reviews existing design consideration for repair works. The design 
consideration of repair work using SSTT was proposed in consideration the axial 
capacity of repaired columns. The example of calculations was shown in this chapter 
with step by step process of repair works. 
Chapter 9 summarizes the outcome of the experimental test for development 
of stress-strain model from cylindrical specimens and results of RC columns. It also 
concludes the findings from finite element analysis and proposed design 
considerations for repaired RC columns. Consequently, the future recommendations 
from this research study were stated at the end of this thesis. 
 
 
 
 
 
 225 
 
REFERENCES 
[1] Achillopoulou D. V., Karabinis A. I. Assessment of concrete columns 
repaired with fiber reinforced mortar through damage indexes and numerical model.  
Construction and Building Materials. 2015.81:248-56. 
[2] Xiong G. J., Wu X. Y., Li F. F., Yan Z. Load carrying capacity and ductility 
of circular concrete columns confined by ferrocement including steel bars.  
Construction and Building Materials. 2011.25(5):2263-8. 
[3] Gholampour A., Ozbakkaloglu T. Fiber-reinforced concrete containing ultra 
high-strength micro steel fibers under active confinement. Construction and Building 
Materials. 2018.187:299-306. 
[4] Li P., Wu Y.-F. Stress–strain behavior of actively and passively confined 
concrete under cyclic axial load. Composite Structures. 2016.149:369-84. 
[5] Nematzadeh M., Fazli S., Naghipour M., Jalali J. Experimental study on 
modulus of elasticity of steel tube-confined concrete stub columns with active and 
passive confinement. Engineering Structures. 2017.130:142-53. 
[6] Zhou C., A S., Qiu Y., Pan Q. Experimental Investigation of Axial 
Compressive Behavior of Large-Scale Circular Concrete Columns Confined by 
Prestressed CFRP Strips. Journal of Structural Engineering. 2019.145(8). 
[7] Frangou M., Pilakoutas K., Dritsos S. Structural repair/strengthening of RC 
columns. Construction and Building Materials. 1995.9(5):259-66. 
[8] Moghaddam H., Samadi M., Pilakoutas K., Mohebbi S. Axial compressive 
behavior of concrete actively confined by metal strips; part A: experimental study.  
Materials and Structures. 2010.43(10):1369-81. 
[9] Awang A. Z., Omar W., Hoong-Pin L., Ma C. K. Behaviour of externally-
confined high strength concrete column under uniaxial compression load.  Apsec-
Iccer 20122012. p. 1-9. 
[10] Ma C.-K., Awang A. Z., Omar W., Maybelle L. Experimental tests on SSTT-
confined HSC columns. Magazine of Concrete Research. 2014.66(21):1084-94. 
[11] Sulaiman M. F., Ma C.-K., Apandi N. M., Chin S., Awang A. Z., Mansur S. 
A., et al. A Review on Bond and Anchorage of Confined High-strength Concrete. 
Structures. 2017.11. 
 226 
 
[12] Chin C.-L., Ma C.-K., Awang A. Z., Omar W., Kueh A. B. H. Stress-strain 
evaluation of steel-strapped high-strength concrete with modified self-regulating end 
clips. Structural Concrete. 2018.19(4):1036-48. 
[13] Kondraivendhan B., Pradhan B. Effect of ferrocement confinement on 
behavior of concrete. Construction and Building Materials. 2009.23(3):1218-22. 
[14] Kaish A. B. M. A., Alam M. R., Jamil M., Wahed M. A. Ferrocement 
Jacketing for Restrengthening of Square Reinforced Concrete Column under 
Concentric Compressive Load. Procedia Engineering. 2013.54:720-8. 
[15] Bansal P. P., Civil B. E., Structures C. Effect of Wire Mesh Orientation on 
Strength of Beams Retrofitted Using Ferrocement Jackets. International Journal. 
2014.5(2). 
[16] Jayasree S., Ganesan N., Abraham R. Effect of ferrocement jacketing on the 
flexural behaviour of beams with corroded reinforcements. Construction and 
Building Materials. 2016.121:92-9. 
[17] Tastani S. P., Pantazopoulou S. J. Experimental evaluation of FRP jackets in 
upgrading RC corroded columns with substandard detailing. Engineering Structures. 
2004.26(6):817-29. 
[18] Ganesh Prabhu G., Sundarraja M. C. Behaviour of concrete filled steel 
tubular (CFST) short columns externally reinforced using CFRP strips composite. 
Construction and Building Materials. 2013.47:1362-71. 
[19] Zahran E. H. Effect of GFRP Wraps on HSC Columns Strengthened with 
GFRP with Different Steel Ratio. International Journal of Engineering and Applied 
Sciences (IJEAS). 2016.3(2):8-12. 
[20] Ghobarah A., Biddah A., Mahgoub M. Rehabilitation of Reinforced Concrete 
Columns Using Corrugated Steel Jacketing. Journal of Earthquake Engineering. 
1997.1(4):651-73. 
[21] Wu Y., Griffith M. C., Oehlers D. J. Improving the strength and ductility of 
rectangular reinforced concrete columns through composite partial interaction: Tests. 
Journal of Structural Engineering. 2003.129(9):1183-90. 
[22] Nam T.-H., Park J., Yoon S.-J., Choi E. Behavior of Reinforced Concrete 
Columns Confined by New Steel-Jacketing Method. Magazine of Concrete 
Research. 2009.61(10):787-96. 
[23] Mesbah1a H.-A., Benzaid R. Damage-based stress-strain model of RC 
cylinders wrapped with CFRP composites. 2017. 
 227 
 
[24] Djafar-Henni I., Kassoul A. Stress–strain model of confined concrete with 
Aramid FRP wraps. Construction and Building Materials. 2018.186:1016-30. 
[25] Wang W., Sheikh M. N., Al-Baali A. Q., Hadi M. N. Compressive behaviour 
of partially FRP confined concrete: Experimental observations and assessment of the 
stress-strain models. Construction and Building Materials. 2018.192:785-97. 
[26] Ferrotto M. F., Cavaleri L., Papia M. Compressive response of substandard 
steel-jacketed RC columns strengthened under sustained service loads: From the 
local to the global behavior. Construction and Building Materials. 2018.179:500-11. 
[27] Karzad A. S., Leblouba M., Toubat S. A., Maalej M. Repair and 
strengthening of shear-deficient reinforced concrete beams using Carbon Fiber 
Reinforced Polymer. Composite Structures. 2019.223:110963. 
[28] Jiang S.-F., Zeng X., Shen S., Xu X. Experimental studies on the seismic 
behavior of earthquake-damaged circular bridge columns repaired by using 
combination of near-surface-mounted BFRP bars with external BFRP sheets 
jacketing. Engineering Structures. 2016.106:317-31. 
[29] Azmee N. M., Shafiq N. Ultra-high performance concrete: From fundamental 
to applications. Case Studies in Construction Materials. 2018.9:e00197. 
[30] Rashid M. A., Mansur M. A. Considerations in producing high strength 
concrete. Journal of Civil Engineering (IEB). 2009.37(1):53-63. 
[31] Russell H. G., Anderson A. R., Banning J. O., Cook J. E., Frantz G. C., 
Hester W. T., et al. State-of-the-Art Report on High-Strength Concrete by ACI 
Committee 363. 1997. 
[32] CEP/FIB. High strength concrete -state of the art. SR 90/1. 1990. 
[33] ACI 318 A. C. I. State-of-the-art report on high-strength concrete. 1992. 
[34] BS EN. 206-1 (2000) Concrete–Part 1: Specification, performance, 
production and conformity. British Standards Institution. 2000:1-20. 
[35] BC 2. Design Guide of High Strength Concrete to Singapore 
Standard CP65: Building and Construction Authority, Singapore.; 2008. 
[36] Saatcioglu M., Razvi R. S. Strength and ductility of confined concrete. 
Journal of Structural Engineering. 1992.118(6):1590-607. 
[37] Saadatmanesh H., Ehsani M. R., Li M. W. Strength and Ductility of Concrete 
Columns Externally Reinforced with Fiber-Composite Straps. ACI Structural 
Journal. 1994.91(4):434-47. 
 228 
 
[38] Najdanović D., Milosavljević B. Strength and ductility of concrete confined 
circular columns. Journal of the Croatian Association of Civil Engineers. 
2014.66(5):417-23. 
[39] Chen Q., Shin M., Andrawes B. Experimental study of non-circular concrete 
elements actively confined with shape memory alloy wires. Construction and 
Building Materials. 2014.61:303-11. 
[40] Oskouie A. V., Valizadeh S., Aminnejad M. Behavior comparison of passive 
and active frp confined rectangular and wall-like columns.  Forth International 
Conference on FRP Composites in Civil Engineering (CICE2008) Zurich, 
Switzerland 
2008. 
[41] Rousakis T. C., Tourtouras I. S. RC columns of square section – Passive and 
active confinement with composite ropes. Composites Part B: Engineering. 
2014.58:573-81. 
[42] Al-Salloum Y. A. Compressive Strength Models of FRP-Confined Concrete.  
Asia-Pacific Conference on FRP in Structures2007. 
[43] Colajanni P., Fossetti M., Macaluso G. Effects of confinement level, cross-
section shape and corner radius on the cyclic behavior of CFRCM confined concrete 
columns. Construction and Building Materials. 2014.55:379-89. 
[44] Ribeiro F., Sena-Cruz J., Branco F. G., Júlio E. Hybrid FRP jacketing for 
enhanced confinement of circular concrete columns in compression. Construction 
and Building Materials. 2018.184:681-704. 
[45] Hadi M. N. S., Li J. External reinforcement of high strength concrete 
columns. Composite Structures. 2004.65(3-4):279-87. 
[46] Osman M., Soliman A. E.-k. S. Behavior of Confined Columns under 
Different Techniques. International Journal of Structural and Construction 
Engineering. 2015.9(1):70-8. 
[47] Park T. W., Na U. J., Chung L., Feng M. Q. Compressive behavior of 
concrete cylinders confined by narrow strips of CFRP with spacing. Composites Part 
B: Engineering. 2008.39(7-8):1093-103. 
[48] Mander J. B., Priestley M. J., Park R. Theoretical stress-strain model for 
confined concrete. Journal of Structural Engineering. 1988.114(8):1804-26. 
 229 
 
[49] Huang L., Zhang C., Yan L., Kasal B. Flexural behavior of U-shape FRP 
profile-RC composite beams with inner GFRP tube confinement at concrete 
compression zone. Composite Structures. 2018.184:674-87. 
[50] Karimizadeh H., Eftekhar M. R., Mostofinejad D. Effects of Midlayer Used 
in FRP Confinement of RC Columns. Journal of Composites for Construction. 
2019.23(2). 
[51] Safitri E., Imran I., Nuroji. Concrete Strength Enhancement Due to External 
Steel Ring Confinement. Procedia Engineering. 2017.171:934-9. 
[52] Shin H.-O., Yoon Y.-S., Cook W. D., Mitchell D. Enhancing the confinement 
of ultra-high-strength concrete columns using headed crossties. Engineering 
Structures. 2016.127:86-100. 
[53] Si Youcef Y., Amziane S., Chemrouk M. CFRP confinement effectiveness on 
the behavior of reinforced concrete columns with respect to buckling instability.  
Construction and Building Materials. 2015.81:81-92. 
[54] Xie J., Fu Q., Yan J.-B. Compressive behaviour of stub concrete column 
strengthened with ultra-high performance concrete jacket. Construction and Building 
Materials. 2019.204:643-58. 
[55] Fakharifar M., Chen G., Sneed L., Dalvand A. Seismic performance of post-
mainshock FRP/steel repaired RC bridge columns subjected to aftershocks. 
Composites Part B: Engineering. 2015.72:183-98. 
[56] Kazemi M. T., Morshed R. Seismic shear strengthening of R/C columns with 
ferrocement jacket. Cement and Concrete Composites. 2005.27(7-8):834-42. 
[57] Xiao Y., Wu H. Compressive Behavior of Concrete Confined by Carbon 
Fiber Composite Jackets. Journal of Materials in Civil Engineering. 2000.12(2):139-
46. 
[58] Wu Y.-F., Yun Y., Wei Y., Zhou Y. Effect of Predamage on the Stress-Strain 
Relationship of Confined Concrete under Monotonic Loading. Journal of Structural 
Engineering. 2014.140(12). 
[59] Liu X., Nanni A., Silva P. F. Rehabilitation of Compression Steel Members 
Using FRP Pipes Filled with Non-expansive and Expansive Light-weight Concrete. 
Advances in Structural Engineering. 2005.8(2):129-42. 
[60] Valdmanis V., De Lorenzis L., Rousakis T., Tepfers R. Behaviour and 
capacity of CFRP-confined concrete cylinders subjected to monotonic and cyclic 
 230 
 
axial compressive load. Structural Concrete London Thomas Telford Limited. 
2007.8(4):187. 
[61] Panjehpour M., Farzadnia N., Demirboga R., Ali A. A. A. Behavior of High-
Strength Concrete Cylinders Repaired with Cfrp Sheets. Journal of Civil Engineering 
and Management. 2015.22(1):56-64. 
[62] Yan Z., Pantelides C. P., Asce M., Lawrence D. R. Posttensioned FRP 
Composite Shells for Concrete Confinement. Journal of Composites for 
Construction. 2007.11(1):81-90. 
[63] Saadatmanesh H. Bridge retrofit using fiber reinforced polymer 2014 
[Available from: https://csengineermag.com/article/bridge-retrofit-using-fiber-
reinforced-polymer/. 
[64] Batson G. B., Castro J. O., Guerra A. J., Iorns M. E., Johnston C. D., Naaman 
A. E., et al. GUIDE FOR THE DESIGN, CONSTRUCTION, AND REPAIR OF 
FERROCEMENT. ACI Structural Journal. 1988.85(3):325-51. 
[65] Paramasivam P., Ong K. C. G., Lim C. T. E. Ferrocement laminates for 
strengthening RC T-beams. Cement and Concrete Composites. 1994.16(2):143-52. 
[66] Nassif H. H., Najm H. Experimental and analytical investigation of 
ferrocement–concrete composite beams. Cement and Concrete Composites. 
2004.26(7):787-96. 
[67] Takiguchi K., Fujita S. Experimental investigation on repair of damaged RC 
columns with circular ferrocement jacket.  25th Conference on our world in concrete 
and structures2000. 
[68] Pancharathi R. K., Oshima T., Mikami S., Yamazaki T., Cheruku S. Studies 
on RC and ferrocement jacketed columns subjected to simulated seismic loading. 
Asian Journal of Civil Engineering. 2008.8:215-25. 
[69] Peled A. Confinement of Damaged and Nondamaged Structural Concrete 
with FRP and TRC Sleeves. Journal of Composites for Construction - J COMPOS 
CONSTR. 2007.11. 
[70] Makki R. F. Response of reinforced concrete beams retrofitted by 
ferrocement. Int J Sci Technol Res. 2014.3:27-34. 
[71] Sarno L. D., Elnashai A. S., Nethercot D. A. Seismic retrofitting of framed 
structures with stainless steel. Journal of Constructional Steel Research. 
2006.62(1):93-104. 
 231 
 
[72] Belal M. F., Mohamed H. M., Morad S. A. Behavior of reinforced concrete 
columns strengthened by steel jacket. HBRC Journal. 2015.11(2):201-12. 
[73] Bett B. J., Klingner R. E., Jirsa J. O. Lateral load response of strengthened 
and repaired reinforced concrete columns. Structural Journal. 1988.85(5):499-508. 
[74] Ersoy U., Tankut A. T., Suleiman R. Behavior of jacketed columns. 
Structural Journal. 1993.90(3):288-93. 
[75] Rodriguez M., Park R. Seismic load tests on reinforced concrete columns 
strengthened by jacketing. Structural Journal. 1994.91(2):150-9. 
[76] Vandoros K. G., Dritsos S. E. Concrete jacket construction detail 
effectiveness when strengthening RC columns. Construction and Building Materials. 
2008.22(3):264-76. 
[77] Mirmiran A., Shahawy, Mohsen. Behaviour of Concrete Columns Confined 
by Fiber Composites. Journal of Structural Engineering. 1997.123:583-90. 
[78] Harajli M. H. Cyclic response of concrete members with bond-damaged 
zones repaired using concrete confinement. Construction and Building Materials. 
2007.21(5):937-51. 
[79] Eid R., Roy N., Paultre P. Normal- and High-Strength Concrete Circular 
Elements Wrapped with FRP Composites. Journal of Composites for Construction. 
2009.13(2):113-24. 
[80] Olivova K., Bilcik J. Strengthening of Concrete Columns with CFRP. Slovak 
Journal of Civil Engineering. 2009.1:1-9. 
[81] El-Hacha R., Mashrik M. A. Effect of SFRP confinement on circular and 
square concrete columns. Engineering Structures. 2012.36:379-93. 
[82] He R., Sneed L. H., Belarbi A. Rapid Repair of Severely Damaged RC 
Columns with Different Damage Conditions: An Experimental Study. International 
Journal of Concrete Structures and Materials. 2013.7(1):35-50. 
[83] Nguyen-Minh L., Rovňák M. Size effect in uncracked and pre-cracked 
reinforced concrete beams shear-strengthened with composite jackets. Composites 
Part B: Engineering. 2015.78:361-76. 
[84] Guo Y., Xie J., Xie Z., Zhong J. Experimental study on compressive behavior 
of damaged normal- and high-strength concrete confined with CFRP laminates. 
Construction and Building Materials. 2016.107:411-25. 
 232 
 
[85] Abdullah, Takiguchi K. An investigation into the behavior and strength of 
reinforced concrete columns strengthened with ferrocement jackets. Cement and 
Concrete Composites. 2003.25(2):233-42. 
[86] Mourad S. M., Shannag M. J. Repair and strengthening of reinforced concrete 
square columns using ferrocement jackets. Cement and Concrete Composites. 
2012.34(2):288-94. 
[87] Li B., Lam E. S.-s., Wu B., Wang Y.-y. Experimental investigation on 
reinforced concrete interior beam–column joints rehabilitated by ferrocement jackets. 
Engineering Structures. 2013.56:897-909. 
[88] Xiao Y., ASCE M., Wu H. Retrofitted of Reinforced Concrete Columns 
Using Partially Stiffened Steel Jackets. Journal of Structural Engineering. 
2003.129(6):725-32. 
[89] Assas M. M. Efficiency of Corrugated Steel Jackets for Strengthening or 
Repairing Square Section Concrete Columns. Life Science Journal. 2014.11(8s). 
[90] Abdel-Hay A. S., Fawzy Y. A. G. Behavior of partially defected R.C columns 
strengthened using steel jackets. HBRC Journal. 2015.11(2):194-200. 
[91] Jodawat A., Parekh A., Marathe B., Pawar K., Sahu Y., Jain I. Retrofitting of 
Reinforced Concrete Column by Steel Jacketing. International Journal of 
Engineering Research and Application. 2016.6(7):1-5. 
[92] He A., Cai J., Chen Q.-J., Liu X., Xu J. Behaviour of steel-jacket retrofitted 
RC columns with preload effects. Thin-Walled Structures. 2016.109:25-39. 
[93] Nasersaeed H. Evaluation Behaviour and Seismic Retrofitting of RC 
Structures by Concrete Jackets. Asian Journal of Applied Sciences. 2011.4(3):221-8. 
[94] Chalioris C. E., Thermou G. E., Pantazopoulou S. J. Behaviour of 
rehabilitated RC beams with self-compacting concrete jacketing – Analytical model 
and test results. Construction and Building Materials. 2014.55:257-73. 
[95] Dubey R., Kumar P. Experimental study of the effectiveness of retrofitting 
RC cylindrical columns using self-compacting concrete jackets. Construction and 
Building Materials. 2016.124:104-17. 
[96] Eduardo J. N., Branco F. A., Silva V. D. Reinforced concrete jacketing-
interface influence on monotonic loading response. ACI Structural Journal. 
2005.102(2):252. 
 233 
 
[97] Yuce S. Z., Yuksel E., Bingol Y., Taskin K., Karadogan H. F. Local thin 
jacketing for the retrofitting of reinforced concrete columns. Structural Engineering 
and Mechanics. 2007.27(5):589-607. 
[98] Can A. A., Olguhan K. Ş., Fuat G. A., Yesevi O. F., Murat G., Ebru K., et al. 
Modal parameter identification of RC frame under undamaged, damaged, repaired 
and strengthened conditions. Measurement. 2018.124:260-76. 
[99] Gherdaoui M., Guenfoud M., Madi R. Punching behavior of strengthened and 
repaired RC slabs with CFRP. Construction and Building Materials. 2018.170:272-8. 
[100] Murthy A. R., Karihaloo B., Rani P. V., Priya D. S. Fatigue behaviour of 
damaged RC beams strengthened with ultra high performance fibre reinforced 
concrete. International Journal of Fatigue. 2018.116:659-68. 
[101] Ortega A. I., Pellicer T. M., Adam J. M., Calderón P. A. An experimental 
study on RC columns repaired on all four sides with cementitious mortars. 
Construction and Building Materials. 2018.161:53-62. 
[102] Lehman D. E., Gookin S. E., Nacamuli A. M., Moehle J. P. Repair of 
earthquake-damaged bridge columns. Structural Journal. 2001.98(2):233-42. 
[103] Hsu T. T., Slate F. O., Sturman G. M., Winter G., editors. Microcracking of 
plain concrete and the shape of the stress-strain curve. Journal Proceedings; 1963. 
[104] Shah S. P., Chandra S., editors. Fracture of concrete subjected to cyclic and 
sustained loading. Journal Proceedings; 1970. 
[105] Krishnaswamy K., editor Strength and microcracking of plain concrete under 
triaxial compression. Journal Proceedings; 1968. 
[106] Derucher K. Application of the scanning electron microscope to fracture 
studies of concrete. Building and Environment. 1978.13(2):135-41. 
[107] Ashkan S. Application of damage mechanics to describe the behavior of 
concrete under fatigue and freeze-thaw processes: North Dakota State University; 
2015. 
[108] Liu H.-K., Liao W.-C., Tseng L., Lee W.-H., Sawada Y. Compression 
strength of pre-damaged concrete cylinders reinforced by non-adhesive filament 
wound composites. Composites Part A: Applied Science and Manufacturing. 
2004.35(2):281-92. 
[109] Zhou Y., Liu X., Sui L., Xing F., Zhou H. Stress–strain model for fibre 
reinforced polymer confined load-induced damaged concrete. Materials Research 
Innovations. 2015.19(sup6):S6-125-S6-31. 
 234 
 
[110] Rabehi B., Ghernouti Y., Li A., Boumchedda K. Comparative behavior under 
compression of concrete columns repaired by fiber reinforced polymer (FRP) 
jacketing and ultra high-performance fiber reinforced concrete (UHPFRC). Journal 
of Adhesion Science and Technology. 2014.28(22-23):2327-46. 
[111] Ma G., Li H., Yan L., Huang L. Testing and analysis of basalt FRP-confined 
damaged concrete cylinders under axial compression loading. Construction and 
Building Materials. 2018.169:762-74. 
[112] Benjeddou O., Ouezdou M. B., Bedday A. Damaged RC beams repaired by 
bonding of CFRP laminates. Construction and Building Materials. 2007.21(6):1301-
10. 
[113] Kreit A., Castel A., Francois R., Al-Mahmoud F., editors. Behavior of 
damaged RC beams repaired with NSM CFRP Rods. Concrete Solutions 2011, 4th 
International Conference on Concrete Repair; 2011. 
[114] El-Ashkar N., Morsy A., Helmi K. FRP repair technique for RC beams pre-
damaged in shear. Proceedings of 14th International Structural faults and repair. 
2012. 
[115] Fayyadh M. M., Razak H. A. Assessment of effectiveness of CFRP repaired 
RC beams under different damage levels based on flexural stiffness. Construction 
and Building Materials. 2012.37:125-34. 
[116] Wang Y. T., Du X. L., Jiang F. X., Zhang W., editors. The Flexural 
Performance of Pre-Damaged Reinforced Concrete Beam Strengthened with CFRP 
in Seawater Environment. Applied Mechanics and Materials; 2012: Trans Tech Publ. 
[117] Hussein M., Afefy H. M. E.-D., Khalil A.-H. A.-K. Innovative repair 
technique for RC beams predamaged in shear. Journal of Composites for 
Construction. 2013.17(6):04013005. 
[118] Kabir M. I., Subhani M., Shrestha R., Samali B. Experimental and theoretical 
analysis of severely damaged concrete beams strengthened with CFRP. Construction 
and Building Materials. 2018.178:161-74. 
[119] Laskar, Musaddiq S., Talukdar, Sudip. A study on the performance of 
damaged RC members repaired using ultra-fine slag based geopolymer mortar. 
Construction and Building Materials. 2019.217:216-25. 
[120] Jain S., Chellapandian M., Prakash S. S. Emergency repair of severely 
damaged reinforced concrete column elements under axial compression: An 
experimental study. Construction and Building Materials. 2017.155:751-61. 
 235 
 
[121] Gao P., Wang J., Li Z., Hong L., Wang Z. Effects of predamage on the 
compression performance of CFRP-confined rectangular steel reinforced concrete 
columns. Engineering Structures. 2018.162:109-20. 
[122] Chellapandian, Prakash M., Suriya S. Rapid repair of severely damaged 
reinforced concrete columns under combined axial compression and flexure: An 
experimental study. Construction and Building Materials. 2018.173:368-80. 
[123] Tayeh B. A., Naja M. A., Shihada S., Arafa M. Repairing and Strengthening 
of Damaged RC Columns Using Thin Concrete Jacketing. Advances in Civil 
Engineering. 2019.2019. 
[124] Takeuti A. R., de Hanai J. B., Mirmiran A. Preloaded RC columns 
strengthened with high-strength concrete jackets under uniaxial compression. 
Materials and Structures. 2008.41(7):1251-62. 
[125] Jiang T., Teng J. G. Analysis-oriented stress–strain models for FRP–confined 
concrete. Engineering Structures. 2007.29(11):2968-86. 
[126] Ozbakkaloglu T., Lim J. C., Vincent T. FRP-confined concrete in circular 
sections: Review and assessment of stress–strain models. Engineering Structures. 
2013.49:1068-88. 
[127] 356 F. FEMA 356 Prestandard and Commentary for the Seismic 
Rehabilitation of Buildings. 2000. 
[128] EN 1998-1-1. Eurocode No. 8: Design of Structures for Earthquake 
Resistance, Part 1: General Rules, European Committee for Standardization, prEN-
1998-1. 2004. 
[129] Grunthal G., Musson R., Schwarz J., Stucchi M. European Macroseismic 
Scale 1998. 1998. 
[130] Japan Building Disaster Prevention Association. Standards for evaluation of 
seismic capacity and guidelines for seismic rehabilitation of existing reinforced 
concrete buildings. 1990. 
[131] BS8110. Structural Use of Concrete, Part 1: Code of Practice for Design and 
Construction. British Standards Institution, UK. 1997. 
[132] EN 1992-1-1. Eurocode 2: Part 1.1: General rules and rules for buildings. 
1992. 
[133] EN 1993-1-1. Eurocode 3: Design of Steel Structures - Part 1-1: General - 
General Rules and Rules for Buildings. . 1992. 
 236 
 
[134] Rocca S., Galati N., Nanni A., editors. Large-size reinforced concrete 
columns strengthened with carbon FRP: Experimental evaluation. Third 
International Conference on FRP Composites in Civil Engineering (CICE 2006); 
2006. 
[135] Designation A. E8/E8M–09, Standard test methods for tension testing of 
metallic materials. American association state highway and transportation officials 
standard AASHTO. (T68):1-3. 
[136] Awang A. Z. Behaviour of high strength concrete with pre-tensioning steel 
straps confinement 2013. 
[137] Ma C.-K., Awang A. Z., Omar W., Pilakoutas K., Tahir M. M., Garcia R. 
Elastic design of slender high-strength RC circular columns confined with external 
tensioned steel straps. Advances in Structural Engineering. 2015.18(9):1487-99. 
[138] Ilki A., Kumbasar N. Behavior of damaged and undamaged concrete 
strengthened by carbon fiber composite sheets. Structural Engineering and 
Mechanics. 2002.13(1):75-90. 
[139] Wu Y.-F., Yun Y., Wei Y., Zhou Y. Effect of predamage on the stress-strain 
relationship of confined concrete under monotonic loading. Journal of Structural 
Engineering. 2014.140(12):04014093. 
[140] Gu D.-S., Wu G., Wu Z.-S., Wu Y.-F. Confinement effectiveness of FRP in 
retrofitting circular concrete columns under simulated seismic load. Journal of 
Composites for Construction. 2010.14(5):531-40. 
[141] Iacobucci R. D., Sheikh S. A., Bayrak O. Retrofit of square concrete columns 
with carbon fiber-reinforced polymer for seismic resistance. Structural Journal. 
2003.100(6):785-94. 
[142] Stoppenhagen D. R., Jirs J. O., Wyllie L. A. Seismic repair and strengthening 
of a severely damaged concrete frame. Structural Journal. 1995.92(2):177-87. 
[143] Garcia R., Hajirasouliha I., Guadagnini M., Helal Y., Jemaa Y., Pilakoutas 
K., et al. Full-scale shaking table tests on a substandard RC building repaired and 
strengthened with Post-Tensioned Metal Straps. Journal of Earthquake Engineering. 
2014.18(2):187-213. 
[144] Helal Y., Garcia R., Pilakoutas K., Guadagnini M., Hajirasouliha I. 
Strengthening of short splices in RC beams using post-tensioned metal straps. 
Materials and Structures. 2016.49(1-2):133-47. 
 237 
 
[145] Ma C. K., Awang A. Z., Omar W. New theoretical model for SSTT-confined 
HSC columns. Magazine of Concrete Research. 2014.66(13):674-84. 
[146] Ma C. K., Awang A. Z., Omar W. Load-deformation Behaviour of 
Eccentrically Loaded SSTT-confined High Strength Concrete Columns. Jurnal 
Teknologi. 2015.74(4). 
[147] Kwan A. K. H., Dong C. X., Ho J. C. M. Axial and lateral stress-strain model 
for FRP confined concrete. Engineering Structures. 2015.99:285-95. 
[148] Luccioni B., Rougier V. A plastic damage approach for confined concrete. 
Computers and structures. 2005.83(27):2238-56. 
[149] Sumarac D., Sekulovic M., Krajcinovic D. Fracture of reinforced concrete 
beams subjected to three point bending. International Journal of Damage 
Mechanics. 2003.12(1):31-44. 
[150] ACI 562M-13. Code requirements for evaluation, repair and rehabilitation of 
concrete buildings and commentary. MI: American Concrete Institute.; 2013. 
[151] 440 A. C., editor ACI 440.2 R-02: Guide for the Design and Construction of 
Externally Bonded FRP Systems for Strengthening Concrete Structures2003: 
American Concrete Institute. 
[152] Association C. S. CSA-S806-02, Design and Construction of Building 
Components with Fibre-Reinforced Polymers. Toronto, ON, Canada. 2002. 
[153] fib 14. Externally bonded FRP reinforcement for RC structures. Fédération 
Internacionale du béton (Fib); 2001. 
[154] TR 55 T. C. S. Design Guidance for Strengthening Concrete Structures Using 
Fibre Composites Materials. 2004. 
[155] Richart F. E., Brandtzaeg A., Brown R. L. A study of the failure of concrete 
under combined compressive stresses. University of Illinois at Urbana Champaign, 
College of Engineering; 1928. 
 
 
 
 
 
 
 
 
